
Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 8292–8299, August 1997
Colloquium Paper

This paper was presented at a colloquium entitled ‘‘Carbon Dioxide and Climate Change,’’ organized by Charles D.
Keeling, held November 13–15, 1995, at the National Academy of Sciences, Irvine, CA.

Global air-sea flux of CO2: An estimate based on measurements of
sea–air pCO2 difference

TARO TAKAHASHI*, RICHARD A. FEELY†, RAY F. WEISS‡, RIK H. WANNINKHOF§, DAVID W. CHIPMAN*,
STEWART C. SUTHERLAND*, AND TIMOTHY T. TAKAHASHI¶

*Lamont–Doherty Earth Observatory of Columbia University, Palisades, NY 10964; †Pacific Marine Environmental Laboratory, National Oceanic and
Atmospheric Administration, Seattle, WA 98115; ‡Scripps Institution of Oceanography, University of California at San Diego, La Jolla, CA 92093; §Atlantic
Oceanographic and Meteorological Laboratory, National Oceanic and Atmospheric Administration, Miami, FL 33149; and ¶Ames Research Center, National
Aeronautics and Space Administration, Moffett Field, CA 94035

ABSTRACT Approximately 250,000 measurements made
for the pCO2 difference between surface water and the marine
atmosphere, DpCO2, have been assembled for the global
oceans. Observations made in the equatorial Pacific during El
Nino events have been excluded from the data set. These
observations are mapped on the global 4° 3 5° grid for a single
virtual calendar year (chosen arbitrarily to be 1990) repre-
senting a non-El Nino year. Monthly global distributions of
DpCO2 have been constructed using an interpolation method
based on a lateral advection–diffusion transport equation.
The net f lux of CO2 across the sea surface has been computed
using DpCO2 distributions and CO2 gas transfer coefficients
across sea surface. The annual net uptake f lux of CO2 by the
global oceans thus estimated ranges from 0.60 to 1.34 Gt-
Czyr21 depending on different formulations used for wind
speed dependence on the gas transfer coefficient. These
estimates are subject to an error of up to 75% resulting from
the numerical interpolation method used to estimate the
distribution of DpCO2 over the global oceans. Temperate and
polar oceans of the both hemispheres are the major sinks for
atmospheric CO2, whereas the equatorial oceans are the
major sources for CO2. The Atlantic Ocean is the most
important CO2 sink, providing about 60% of the global ocean
uptake, while the Pacific Ocean is neutral because of its
equatorial source f lux being balanced by the sink flux of the
temperate oceans. The Indian and Southern Oceans take up
about 20% each.

Measurements of the atmospheric CO2 concentration indicate
that it has been increasing at a rate about 50% of that which
is expected from all industrial CO2 emissions. The oceans have
been considered to be a major sink for CO2. Hence the
improved knowledge of the net transport f lux across the
air–sea interface is important for understanding the fate of this
important greenhouse gas emitted into the earth’s atmosphere
(1–5).

A number of different approaches has been used for esti-
mating the role of the oceans as a CO2 sink, yielding a wide
range of estimates for the CO2 uptake flux (3). Most commonly
used are ocean–atmosphere CO2 cycle models. In these mod-
els, ocean circulation is modeled using various schemes ranging
from one-dimensional box-diffusion models (4, 5) to three-
dimensional ocean general circulation models (6–8), and
biological processes are assumed to be invariant with time and
are not explicitly described. These ‘‘perturbation’’ models yield
an oceanic uptake of about 2 Gt-Czyr21 (5 2 3 1015 g of
carbonzyr21), which corresponds to about 35% of the current

industrial CO2 emission rate of about 6 Gt-Czyr21. On the basis
of temporal changes of the 13Cy12C ratio in atmospheric and
oceanic CO2, the annual oceanic uptake of atmospheric CO2
has been estimated to be 1.6 6 0.9 Gt-Czyr21 (2, 9). Tans et al.
(1) combined the meridional gradient of atmospheric CO2
concentration and the net CO2 flux over the northern oceans
to constrain the CO2 budget and concluded that the net uptake
of atmospheric CO2 by the global oceans is 1 Gt-Czyr21 or less
and that the northern terrestrial ecosystem is a major CO2 sink.
Using an advanced atmospheric general circulation models
that includes a more realistic description of turbulent mixing
near the ground, Denning et al. (10) concluded that an even
greater biospheric CO2 sink is needed in the northern hemi-
sphere. In these studies, the mean annual meridional gradient
of atmospheric CO2 was assumed implicitly to be zero during
the pre-industrial period. This assumption, however, has been
questioned by Broecker and Peng (11) on the basis of the
meridional gradient of oceanic CO2 concentrations estimated
for the pre-industrial time.

Since global DpCO2 data were summarized by Tans et al. (1),
the number of observations has been increased significantly as
a result of many recent field programs in the United States as
well as those in Canada, France, Japan, the Nordic countries,
and the United Kingdom (12–38). In this paper, we present
monthly DpCO2 distribution maps in 1990 for the global oceans
computed using these new data and give estimates for the net
CO2 flux over the global oceans obtained using the DpCO2
distributions. The magnitude of errors in the mean DpCO2
values thus estimated has been estimated and discussed.

Measurements

All of the data used in this study are the results of direct pCO2
measurements made using air–seawater equilibration methods
(12, 17, 39, 40). Although the CO2 concentration in equili-
brated air was determined using various types of infrared gas
analyzers and gas chromatographs, all these measurements are
calibrated against the reference CO2yair mixtures of known
CO2 concentrations that were determined by C. D. Keeling
(Scripps Institution of Oceanography) using his manometric
method. The pCO2 value in seawater was obtained using the
CO2 concentration, the water vapor pressure at the equilibra-
tion temperature and the pressure of equilibrated gas (which
is commonly equal to the barometric pressure). It was cor-
rected to the seawater temperature using the difference be-
tween in situ and equilibration temperatures and the isoch-
emical temperature effect on seawater pCO2 of 4.23% C21

(31). The atmospheric pCO2 was obtained using the local mean
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value of CO2 concentrations in dry air measured concurrently
with the seawater pCO2, barometric pressure, and water vapor
pressure at seawater temperature. The sea–air pCO2 differ-
ence, DpCO2, was computed by subtracting it from the oceanic
pCO2 value. Although the non-ideal behavior of CO2 gas due
to CO2–CO2 as well as CO2–N2–O2–H2O molecular interac-
tions has been estimated by Weiss and Price (41), its effect is
about 1 matm in the concentration range of CO2. Furthermore,
since the corrections are similar for the air and seawater pCO2,
the non-ideal effect cancels due to the differencing for DpCO2.
Therefore, CO2 has been treated as an ideal gas.

The pCO2 database assembled for this study consists of
about 250,000 individual measurements made during about
250 expeditions. Many of the observations used have been
published in scientific journals and in technical reports (12–38;
42–57). In addition, many unpublished data in the archives of
the authors at the Lamont–Doherty Earth Observatory, the
Scripps Institution of Oceanography, the Pacific Marine En-
vironmental Laboratory (National Oceanic and Atmospheric
Administration), and the Atlantic Oceanographic and Mete-
orological Laboratory (National Oceanic and Atmospheric
Administration) have been used.

Adjustments and Resampling of the Data

In assembling the global data set for DpCO2, the original
measurements have been processed through the four steps
which are discussed below.

Averaging of the Underway pCO2 Data. There are two
sources of pCO2 data in surface waters: those obtained for
discrete water samples at each hydrographic station and those
obtained semicontinuously (several times per hour) using
underway systems. Because the number of the latter measure-
ments far exceeds the number for discrete water sample
measurements, the latter would statistically overwhelm the
former. To prevent this, we have computed a 6-h mean value
(e.g., a mean over 100 km if ship’s speed is 8 knots) for
underway measurements and counted this mean with an equal
statistical weight as a discrete measurement. This averaging
scheme has been shown to represent a spatial variation of
pCO2 in seawater even in areas of strong gradients such as the
equatorial Pacific.

Exclusion of the Equatorial Pacific Data for El Nino
Periods. The objective of this study is to obtain a representa-
tive distribution of global ocean DpCO2 during non-El Nino
periods. Although El Niño Southern Oscillations (ENSO)
events could affect a wide range of global meteorological and
oceanographic conditions including those in the Southern
Ocean (58, 59), the extent of its effects on the carbon chemistry
beyond the equatorial Pacific belt has not been documented.
Therefore, we have assumed that the effects are limited to the
equatorial Pacific between 10°N and 10°S and removed the
equatorial Pacific data from the data set for the following El
Nino periods, which have been identified on the basis of the
Southern Oscillation Index (less than 21.5) and sea surface
temperature (SST) changes (NINO3 and NINO4) (59): March
1972–March 1973; May 1976–March 1977; June 1982–June
1983; August 1986–July 1987; October 1991–May 1992; Oc-
tober 1992–October 1993; and April 1994–February 1995.

Through these two processes described above, the original
250,000 individual measurements were reduced to about
16,500 data points; their spatial distribution is shown in Fig. 1.
Although the global ocean appears to be well covered over the
12-month period with the exception of the southern Indian
Ocean, monthly data distributions (February and August are
shown as examples) show large oceanic areas without mea-
surements.

Normalization of DpCO2 to the Year 1990 With the excep-
tions of well-studied areas such as the western North Pacific,
the available observations are not sufficient to resolve the

interannual variability of DpCO2 over the global oceans.
Therefore, our approach is to combine all the observations
onto a single virtual calendar year (chosen arbitrarily to be
1990). However, since the mean atmospheric CO2 concentra-
tion has increased by about 30 ppm from about 326 ppm in
1972 to 356 ppm in 1994, the secular increase in atmospheric
CO2 must be taken into consideration when DpCO2 data are
assembled to represent a single year. In subtropical gyres,
vertical mixing of surface layer waters with subsurface waters
is limited due to the strong stratification. Hence, as the surface
water takes up more atmospheric CO2, the mean pCO2 in
surface waters tends to increase with a rate similar to the
atmospheric CO2 increase. This has been demonstrated over
the Sargasso Sea (60) and over the western North Pacific
between 3°N and 35°N along the 137°E meridian by Inoue et
al. (21). R.A.F. (unpublished data) analyzed the surface water
pCO2 data obtained in the equatorial Pacific along 140°W
during the years 1984, 1988, 1990, and 1995, and observed that
the surface water pCO2 values have been increasing at a mean
rate of 1.3 6 0.5 matmzyr21, which is consistent with the
atmospheric rate of about 1.8 ppmzyr21. This implies that the
strong CO2 source in the Pacific equatorial belt is caused by the
warming of recently ventilated, colder subsurface waters de-
rived primarily from depths about 100–300 meters. Hence,
DpCO2 values for the temperate gyre and equatorial areas are
nearly independent of the year of measurements and thus,
those measured in different years may be treated as though
those were measured in the same year.

FIG. 1. Locations of DpCO2 measurements used in this study. (a)
All sample locations, 1960–1995; (b) those in the month of February;
and (c) August during the same years.
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In contrast to the warm water regime, cold high-latitude
surface waters located poleward of the subpolar front are
known to convectively mix with deep waters seasonally and
thus reflect the chemical characteristics of deep waters, in
which anthropogenic effects are diluted. In Fig. 2, the surface
water pCO2 data observed in 1974–1979 at Weather Station
‘‘P’’ (50°N, 145°W) in the northeastern subarctic Pacific by
Wong and Chan (36) are compared with the 1985–1989
observations by the Lamont–Doherty Earth Observatory
group (31, 50) and with the 1986 observations by the Pacific
Marine Environmental Laboratory group (25). This shows
that, while the atmospheric CO2 concentration increased by
about 15 ppm over the 10-year period, an increase in the
oceanic pCO2 has not been detectable. Therefore, the sea–air
pCO2 difference has increased with time approximately at the
mean annual rate for atmospheric CO2 increase, and DpCO2

measured in a different year must be corrected for atmospheric
CO2 changes that occurred between the time of measurement
and the reference year of 1990. Since the annual rate of
increase in surface water CO2 depends on the vertical f lux of
subsurface waters and the duration of exposure time to the
atmosphere, surface water pCO2 values in some regions where
vertical mixing is weaker andyor air–sea ventilation time is
longer may increase at a slower rate. However, relevant
observations are not yet available in other subpolar and polar
oceanic regions. Therefore, to normalize the observed DpCO2

values to the reference year of 1990, we assumed two cases in
this study: (i) DpCO2 in the cold water regimes increased at the
same mean annual rate as atmospheric CO2 and (ii) it in-
creased with one-half the rate of atmospheric CO2. These are
named respectively as ‘‘full’’ and ‘‘half’’ atmospheric CO2

increase cases in Tables 1 and 2. These two normalization
schemes are applied to the DpCO2 values observed poleward
of the subpolar front which are located approximately along
40°N in the North Pacific, 45°N in the North Atlantic, 50°S in
the South Atlantic, South Indian, and western Pacific (west of
180°) oceans, and 60°S in the eastern South Pacific Ocean
(between 60°W and 180°).

The CO2 concentration in the marine air at a given time and
location over the global oceans has been computed using an
equation which has been fitted to the mean annual data
summarized in refs. 1, 61, and 62 with better than 1 ppm.
Because seasonal variation in atmospheric CO2 concentration
is represented in the observed DpCO2 value by the concurrent

measurements of atmospheric and oceanic pCO2, only the
effect of the secular increase is considered for correction.

Resampling of the Data onto a 4° 3 5° Grid. For use in the
computational scheme of this study, the DpCO2 values nor-
malized to the reference year of 1990 must be resampled onto
the computational grid which consists of 72 grid points in
longitude by 41 in latitude for each of 365 days in time. This
amounts to a total of about 750,000 pixels excluding land areas.
Although observations made in some areas are sufficient to
allow a finer grid locally, the global data set assembled for this
study is limited in spatial and time resolutions to allow a finer
grid over the entire global oceans. A weighted average, in-
versely proportional in both space and time, is used to trans-
form about 16,500 DpCO2 data onto the 4° latitude 3 5°
longitude 3 365 days grid. Observations within 64° latitude,
65° longitude, and 61 day from the pixel center is utilized to
compute a mean pixel value. This liberal resampling algorithm
gives sparse data more representation.

Computational Method for Time–Space Interpolation

The data set which has been discussed above represents
measurements made at locations and times that were dictated
by ship tracks without mathematical regularity. A computa-
tional method is needed to interpolate these observations
discretized in a 4° 3 5° 3 365 days grid to construct global
DpCO2 distribution maps. For this purpose, a finite-difference
algorithm based on a lateral two-dimensional transport model
developed by Takahashi et al. (63) is used. In the interpolation
scheme, all pixel values based on observations are explicitly
satisfied, and those in pixels that have no observations are
computed.

Transport Equation and Boundary Conditions. The con-
centration of a chemical property throughout the oceans is
governed by advective transport, eddy diffusion, internal
sources, and sinks and exchange with the surroundings at the
sea floor, the ocean margins, and the air–sea interface. In an
interpolation scheme, in which the observations are satisfied,
the effects on the surface water property of internal sources
and sinks, exchange with atmosphere and upwelling of deep
water are considered inherently imbedded in the observed
data. Accordingly, the short-term behavior of surface water
properties may be approximated using a lateral two-
dimensional transport model without sinkysource and ex-
change terms.

The transport equation used for interpolation is:

dSydt 5 K ¹2S 2 ~­Sy­x Vx 1 ­Sy­y Vy!

and ¹2S 5 ­2Sy­x2 1 ­2Sy­y2,

where S is a scalar quantity, Vx and Vy are the local surface
water advective velocities, and K is the eddy diffusivity. The
implied boundary condition is that there is no material trans-
port across the sea–land interface: on an orthogonal grid,
­Sy­x 5 0 and ­Sy­y 5 0 along the boundaries. The compu-
tational domain is joined at the prime meridian, so that the
oceans are freely interconnected in the east–west domain.
Singularities at the poles are avoided by the presence of the
Antarctic continent in the south (.80°S) and the polar ice cap
in the north (.84°N) which is assumed to be a land mass. As
discussed earlier, data collected in various years are mapped
onto a single, virtual calendar year of 1990. Therefore, the
computations are numerically joined across the Decembery
January border ensuring continuity of solutions in both space
and time. This allows solutions to be obtained iteratively over
a single year period.

The finite–difference algorithm required must possess some
unusual properties. Due to the temporal and spatial connec-
tivity of the computational matrix, it is essential that the

FIG. 2. The pCO2 values observed by Wong and Chan (36) during
1974–1979 in surface waters at or near the Weather Station ‘‘P’’ in the
northeastern North Pacific (50°N, 145°W) are compared with more
recent measurements by the Lamont–Doherty Earth Observatory
during 1984–1989 (31, 53) and the Pacific Marine Environmental
Laboratory during 1986–87 (25). The pCO2 values are normalized to
a constant temperature of 10.0°C to remove the effect of temperature
changes. The solid line indicates a sine curve fitted to the 1974–1979
data.
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influence of observed data propagates at the same computa-
tional speed both forwards and backwards in time: an average
of forward-centered time step about time (t 2 1) and back-
wards-centered time step about time (t 1 1) is utilized. The
spatial derivatives are second-order accurate and are central
differences: ­Sy­x 5 (Sx11 2 Sx-1)y2Dx and ­2Sy­x2 5 (Sx11 2
2Sx 1 Sx-1)y(Dx)2. The time increment, dt, is chosen to be 1 day
to maintain numerical stability under both diffusion and
advection (63). The recursion relationship is applied over all
active nodes (where no observation is available) until conver-
gence is obtained. The convergence criterion is the net aggre-
gate change (R) in the value of S between successive iterations:
R 5 O abs[S(x, y, t)i 2 S(x, y, t)i-1], where x 5 180°W through
180°E, y 5 80°S through 84°N, and t 5 day 1 through day 365
and S(x, y, t)i represents the value of the scalar function, S, at
a node representing a given position and time at the iteration,
i. The solution is considered converged when changes in R fall
below 0.1%. Typically, it takes several thousand iterations for
the convergence criterion to be satisfied. Although the solu-
tions give daily distributions, monthly mean distributions have
been computed and used for the flux estimates.

Advective Field and Eddy Diffusion. For the computation of
advective transport, we use the mean monthly surface water
advective fields (4° 3 5° resolution) of Bryan and Lewis (64),
which have been kindly provided by the Geophysical Fluid
Dynamics Laboratory (National Oceanic and Atmospheric
Administration, Princeton, NJ). The advective field is changed
each month in our computation. While the seasonal variability
is small in the Pacific and Atlantic Oceans, currents in the
northern Indian Ocean undergo a complete reorganization as
a result of monsoon conditions. The lateral eddy diffusivity of
surface waters has been estimated to be in a range of 1,000 to
3,000 m2zsec21 (see refs. 65–67) and is assumed in this study to
be a constant value of 2,000 m2zsec21.

Preloading of the Field. To obtain converged solutions
rapidly and to constrain the solutions in polar regions where
data are very scarce, initial DpCO2 values for those pixels that
have no measurement are assigned to be equal to the monthly
zonal mean of the observed DpCO2 values in each of the polar
(90° to 54°), subpolar (38° to 54°), temperate (18° to 38°), and
tropical (18° to 18°) zones. In addition, the polar pixels with ice
fields are assumed to have seasonally varying DpCO2 values
that are consistent with a limited number of observations made
in polynyas and adjacent to ice fields (29, 34, 44, 51, 52): for
the Arctic pixels with ice, 2150 matm for August, 275 matm
for September, 250 matm for October, and 235 matm for the
remaining 9 months; for the Antarctic pixels with ice, 285
matm for February, 210 matm for January and March, 15
matm for December and April, and 130 matm for the remain-
ing 6 months. The CO2 flux is assumed to be zero when a pixel
is covered with ice, the flux estimates are not sensitively
affected by the choice of preset values. A constant temperature
of 21.9°C is assigned to all pixels with ice. Starting with these
preloaded field, the interpolation computation was performed
using a time step of 1 day. The results obtained after 2,000
iterations are presented in this paper.

Tests for the Interpolated Values

Comparison with Climatological SST. To evaluate the
validity of our results, the SST values that have been computed
using the measurements made concurrently with DpCO2 are
compared with the climatological SST compiled by Shea et al.
(68). Consistent with the procedures used for DpCO2 inter-
polation, the temperature field was preloaded using mean
monthly values for temperature values measured concurrently
with DpCO2 in each climatic zone. In Fig. 3a, the difference
between the mean monthly SST observed in 4° 3 5° pixels and
the corresponding climatological SST are plotted against the
climatological SST; and in Fig. 3b, the difference between the

interpolated value and the corresponding climatological SST is
plotted. Fig. 3a shows that the measured temperatures are
consistent with the climatological SST yielding a mean differ-
ence of 20.07°C (n 5 5,780) with a rms deviation of 61.5°C.
The small mean difference indicates that our temperature
observations are consistent with the climatological SST.

Fig. 3b shows that our interpolated temperatures are, on
average, warmer than the climatological SST by 0.43 6 1.89°C.
This may be taken as a measure of errors attributable to our
computational method and limited time–space database. The
temperature dependence of pCO2 in surface waters varies
regionally and seasonally from about 13% C21 in temperate
gyres to about 26% C21 in polar oceans (31), and is about
3.5% C21 (in the absolute magnitude) on the average over the
global oceans. This gives that the SST error of 0.43°C corre-
sponds to a DpCO2 of 5 matm. If a mean global sea–air CO2
exchange rate of 19 molzm22yr21 (69), which is consistent with
the gas transfer formulation used by Tans et al. (1), is assumed,
this error would correspond to a flux error of about 1 Gt-Czyr21

or 75% of the net global ocean CO2 flux estimated in this study.
Because of the sparseness of time–space coverage, the uncer-
tainty in the global ocean DpCO2 depends critically on the
availability of observations especially in data poor areas. The
error could be reduced significantly by additional seasonal
observations especially over the southern mid- and high-
latitude oceans.

Sensitivity to the Interpolated DpCO2 Values. The sensitiv-
ity of the interpolated DpCO2 values to the number of obser-
vations made along ship’s tracks has been tested by eliminating
a measurement from every 10 observations. The interpolated
values obtained with 90% of the full database have been
compared with those computed using 100% of the database.
The effect of this reduction on the interpolated DpCO2 is small
with a mean difference of 20.01 6 2.2 matm and is indepen-
dent of latitude. Therefore, the estimated DpCO2 values over
the global oceans are not sensitively affected by the number of
measurements made along ship’s tracks.

Distribution of the CO2 SinkySource Over the
Global Oceans

Distribution of DpCO2. The mean monthly distribution of
sea–air pCO2 difference, DpCO2, over the global oceans is

FIG. 3. Comparisons between (a) the mean monthly climatological
SST data (68) and the mean monthly temperatures measured concur-
rently with DpCO2; and (b) the mean monthly climatological SST data
and those interpolated for pixels with no measurements. The solid and
dashed horizontal lines indicate the mean and rms deviation values,
respectively.
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tabulated in Table 1 for the ‘‘full’’ and ‘‘half’’ effects of the
atmospheric CO2 increase; and its geographical distribution
for the months of February and August 1990 is presented in
Fig. 4 a and b, respectively. During the month of February, the
following areas are strong sources for atmospheric CO2 (pos-
itive DpCO2 values): (i) the northwestern subarctic Pacific (due
to winter upwelling), (ii) the entire equatorial Pacific (up-
welling), (iii) the eastern subtropical South Pacific (seasonal
warming), (iv) the tropical and subtropical South Atlantic
(upwelling and seasonal warming), (v) the western equatorial
Indian Ocean, and (vi) a few patchy areas near Antarctica
(local upwelling). The CO2 sink areas include (i) the temperate
gyre areas in the North Pacific and North Atlantic (seasonal
cooling), (ii) subpolar and polar areas of the South Atlantic
and South Pacific (photosynthesis), and (iii) south and east of
New Zealand (photosynthesis). In August (Fig. 4b), the strong
source areas include (i) the central and eastern equatorial
Pacific (upwelling), (ii) the North Pacific temperate gyre
(seasonal warming), (iii) the northwestern North Atlantic
(warming of the Labrador Current), (iv) Arabian Sea (up-
welling), and (v) patchy areas near Antarctica (upwelling). The
strong sink areas are as follows: (i) the northern North Atlantic
and adjacent subpolar seas (photosynthesis), (ii) the north-
western North Pacific (photosynthesis), and (iii) the temperate
regions of the south Indian, Pacific, and Atlantic Oceans
(cooling). Over the subpolar and polar Atlantic, Pacific and
Southern Oceans, the surface water pCO2 increases during
winter due to winter convective mixing, whereas it decreases
during summer due to photosynthesis in stratified photic
waters (31).

Table 1 shows that the mean annual DpCO2 values (area
weighted) for the global oceans are small (10.4 ,, 11 matm),
as are many of the monthly mean values (20.8 ,, 12.1 matm).
This means that the global oceans are, as a whole, nearly in
equilibrium with atmospheric CO2, although they are locally
out of equilibrium by as much as 30%. This suggests that the
oceanic uptake of CO2 depends sensitively on the wind speed
distribution especially in areas such as subpolar oceans where
large negative DpCO2 and high wind speeds prevail.

Computation of the Net CO2 Flux Across the Sea Surface.
The net CO2 flux (F) across each 4° 3 5° pixel area is computed
using F 5 A 3 E 3 DpCO2, where A is a pixel area, E is mean
monthly gas transfer coefficient across the sea surface, and
DpCO2 is mean monthly sea–air pCO2 difference evaluated for
each pixel. Since the E value for CO2 gas is not well known, we
consider the following three different functions of wind speed
(W): (i) a linear wind speed dependence based on the 14C
budget in the atmosphere and oceans (1, 69): E (CO2
molzm22zyr21zmatm21) 5 1.6 3 1022 [W(mzsec21) 2 3.0] and
E 5 0 when W # 3.0 (mzsec21); (ii) a relationship formulated
by Wanninkhof (70) for long-term wind (i.e., his equation 2):
E 5 1.13 3 1023zW2; and (iii) a three linear-segment wind
speed dependence formulated by Liss and Merlivat (71): E 5

4.8 3 1024 3 W for 0 # W # 3.6 mzsec21, E 5 8.3 3 1023 (W 2
3.39) for 3.6 # W # 13 mzsec21, and E 5 1.7 3 1022 (W 2 8.36)
for W $ 13 mzsec21. While i yields the fastest gas transfer rate
representing the upper limit, iii yields rates about 50% of the
first, representing the lower limit, and ii yields rates about 15%
smaller than the first. It is therefore important in the future to
improve our understanding of the CO2 gas transfer rate across
the sea surface over a wide range of turbulences near the
air–sea interface. In this paper, the mean monthly wind speed
data compiled for the global oceans (72) are used to compute
the CO2 gas transfer rate constant, and the results of these
three relationships are presented and compared.

Net Flux of CO2 Over the Global Oceans. Fig. 5 shows the
distribution of annual CO2 flux and indicates that the equa-
torial belt of the Pacific and Atlantic is a major CO2 source,

FIG. 4. Mean monthly distribution of DpCO2 (matm) for (a)
February 1990 and (b) August 1990, estimated using the assumption
of full atmospheric CO2 increase. The positive values indicate that the
ocean is a source for atmospheric CO2, and the negative values indicate
CO2 sinks. The pink lines indicate edges of ice field.

Table 1. Sea–air pCO2 difference (matm) nomalized to 1990 with the effect of full and half atmospheric CO2 increase for five zones

Latitude Effect Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. Annual

N of 50°N Full 215.9 210.3 213.7 218.6 228.5 244.9 250.4 251.7 251.3 246.3 239.8 229.1 234.5
Half 211.9 26.2 29.6 214.9 225.1 241.4 246.4 246.9 247.2 242.0 235.4 225.0 230.5

14°N–50°N Full 216.3 218.6 219.9 220.2 217.4 29.0 12.8 17.6 14.7 21.8 28.3 213.6 29.2
Half 215.9 218.3 219.5 219.8 217.0 28.7 13.2 18.0 15.3 21.1 27.8 213.1 28.7

14°S–14°N FyH 126.7 127.9 125.9 128.6 128.8 126.1 125.0 123.0 122.3 121.9 123.1 124.6 125.3
14°S–50°S Full 23.0 21.0 20.9 22.9 26.8 29.5 211.2 211.9 211.2 210.4 28.9 26.8 27.1

Half 22.6 20.6 20.6 22.7 26.5 29.2 210.8 211.4 210.7 29.9 28.4 26.3 26.6
S of 50°S Full 213.6 215.0 213.0 26.6 24.5 23.4 23.0 21.5 23.3 25.4 27.3 211.0 27.9

Half 212.0 213.2 212.3 26.1 24.1 22.8 22.5 21.1 22.9 25.0 26.9 210.2 27.1

Global mean Full 10.7 11.1 10.4 11.1 10.3 20.1 11.3 11.6 10.8 20.4 20.8 20.8 10.4
Half 11.3 11.7 10.8 11.4 10.7 10.3 11.8 12.1 11.4 10.3 20.2 20.2 11.0

The global mean values are area-weighted averages.
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whereas temperate areas of the global oceans and the subarctic
Atlantic are major sinks. Table 2 shows that the global ocean
CO2 uptake flux ranges from 0.6 to 1.34 Gt-Czyr21 depending
on the gas transfer formulations used. This is about 2 times as
large as those estimated by Tans et al. (1), whereas it is about
30–70% of the estimates of about 2 Gt-Czyr21 obtained by
perturbation models. It, however, overlaps with 1.6 6 0.9
Gt-Czyr21 based on 13Cy12C distribution in seawater (2, 9).

The mean ocean flux for each of the five latitudinal zones is
compared in Table 2 with the results of Tans et al. (1). The
northern ocean CO2 uptake estimated by this study is about
twice as large as that of Tans et al. (1). This is partially due to
more negative DpCO2 values resulting from correcting the
older data to 1990, and partially due to improvements in the
database and time–space interpolation method. While a time
resolution of 4 months was used in Tans et al. (1), 1 month is
used in this study, allowing a better representation for pCO2
drawdowns during spring phytoplankton blooms. The equato-
rial CO2 source flux estimated in this study is about 30%
smaller than that by Tans et al. (1). This is a result of increased
observations especially in the western and central equatorial
Pacific by the Japanese (19, 20, 21) and U.S. (13, 16, 25)
investigators, respectively. The Southern Ocean CO2 source
flux of 10.5 Gt-Czyr21, which was proposed by Tans et al. (1)
to satisfy the observed meridional gradient of the atmospheric
CO2 concentration, cannot be supported by the oceanic ob-
servations used in this study.

Net CO2 Flux Over the Oceanic Basins. The equatorial zone
(14°N to 14°S) of the Pacific is the major oceanic CO2 source
area emitting (10.35 to 10.79 Gt-Czyr21) about 5 times as
much CO2 to the atmosphere than the corresponding areas in
the Atlantic and Indian Oceans. On an annual basis, the
Atlantic (north of 50°S) is the most important CO2 sink (20.42
to 20.85 Gt-Czyr21) because of the temperate and subarctic
oceans being strong CO2 sinks and the equatorial belt being a
weak source. On the other hand, the Pacific (north of 50°S) as
a whole is nearly neutral (10.04 to 20.02 Gt-Czyr21) because
of the strong equatorial source nearly balancing the strong
sinks in the temperate areas. The Southern Ocean (south of
50°S) is a strong sink (20.15 to 20.3 Gt-Czyr21), which is
comparable to the uptake flux for the temperate oceanic areas.

Each of the Pacific, Atlantic, and Indian basins shows
different north–south contrasts. Excluding the Southern
Ocean, south of 50°S, the magnitude of the uptake flux for the
southern temperate Pacific is similar to that for the northern

temperate Pacific. On the other hand, because of strong sink
areas in the subarctic oceans, the northern Atlantic sink is
about 4 times as strong as the southern temperate Atlantic. On
the basis of the flux estimated using the gas transfer coefficient
of Tans et al. (1), the north–south flux asymmetry is about 0.6
Gt-Czyr21 if the Southern Ocean (south of 50°S) is excluded or
about 0.45 Gt-Czyr21 if the Atlantic sector of the Southern
Ocean is included. This is comparable to the preindustrial
north–south ocean transport of 0.6 Gt-Czyr21 in the Atlantic
proposed by Broecker and Peng (11).

Sources of Errors. The flux estimates are subject to errors
from the following five independent sources: (i) the gas
transfer coefficients, (ii) the wind speed variability, (iii) the
normalization of observations to the reference year of 1990,
(iv) the interpolation of limited observations, and (v) skin
temperature effect.

(i) The estimated flux values, which range from 0.60 to 1.34
Gt-Czyr21, depend on the choice of sea–air CO2 gas transfer
formulations. Hence the error is of a systematic nature and
may be reduced if the gas transfer coefficient is better under-
stood in the future.

(ii) Because the gas transfer coefficient increases with wind
speed at an increasingly faster rate, gas exchange rates esti-
mated using mean monthly wind speeds tend to be smaller than
those estimated using high-frequency wind speed data with a
large wind speed variability. Hence, our flux estimates are
likely to represent a minimum value. The mean monthly gas
transfer coefficient thus obtained may be underestimated
relative to that obtained using high frequency wind data by
about 210% on the average, although it could be off by as
much as 251% locally depending upon the frequency distri-
bution and magnitude of wind speed variations (73). Because
the variation of wind speed is coupled with that of DpCO2
through the interactions between turbulent mixing in upper

FIG. 5. Mean annual net CO2 flux over the global oceans (in 1012

grams of C per year for each pixel area) computed for 1990 using the
gas transfer coefficient formulated by Wanninkhof (70). The effect of
full atmospheric CO2 increase is assumed for normalizing observed
DpCO2 values in high latitude areas to the reference year of 1990.
Areas covered with ice (i.e., the poleward of the pink lines in Figs. 4
a and b) are assumed to have zero sea–air CO2 flux.

Table 2. Zonal mean sea–air CO2 flux and mean annual DpCO2
over the global oceans during 1990

Zones
Gas

coefficient

Net CO2 Flux, Gt-Czyr1

This study

Full Half Tans et al. (1)

N of 50°N TF&T 20.45 20.39 20.23*
(Arctic) W 20.35 20.31

L&M 20.22 20.19 20.12*
14°N–50°N TF&T 20.72 20.68 20.36*

(Nort. Temperate) W 20.55 20.52
L&M 20.35 20.33 20.18*

14°N–14°S TF&T 11.04 11.04 11.30*
(Tropical) W 10.72 10.72

L&M 10.46 10.46 10.65*
14°S–50°S TF&T 20.92 20.87 21.5† to 21.9†

(Sout. Temperate) W 20.71 20.68
L&M 20.45 20.42 21.1† to 21.6†

S of 50°S TF&T 20.30 20.27 10.5†

(Antarctic) W 20.25 20.22
L&M 20.15 20.12 10.5†

Global oceans TF&T 21.34 21.17 20.29† to 20.69†

W 21.14 21.01
L&M 20.71 20.60 20.25† to 20.75†

The three relationships for wind speed dependence of the gas
transfer coefficient are respectively designated as TF&T (for Tans et
al., ref. 1). W (for Wanninkhof, ref. 70), and L&M (for Liss and
Merlivat, ref. 71).
*Based upon DpCO2 observations by Tans et al. (1).
†Estimated using the atmospheric general circulation model of GISS
to satisfy the hemispheric difference in the atmospheric CO2 con-
centration, industrial emission, and uptake of CO2 by the northern
hemisphere oceans for various scenarios for biosphereic CO2 sources
and sinks.
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waters and biological activities, the covariance of wind speed
and DpCO2 should be taken into consideration in future
studies.

(iii) To correct for interannual changes in the oceanic and
atmospheric pCO2 values, the observed DpCO2 values have
been normalized to a reference year 1990 as explained earlier.
The flux values for high latitude oceans computed using the
‘‘full’’ atmospheric CO2 increase are about 10% greater in
magnitude than the respective values obtained for the ‘‘half’’
effect (Table 2), and hence the error due to this effect is about
65%.

(iv) Errors due to the computational method has been
estimated to be about 5 matm for the mean global DpCO2. This
corresponds to an error of up to 75% of the flux estimates
made using a given gas transfer formulation.

(v) DpCO2 depends on the skin temperature of surface
ocean water (49, 74), while the pCO2 has been evaluated at the
bulk water temperature in this study. The effect of skin layer
cooling on the global CO2 uptake has been estimated to be
0.1–0.6 Gt-Czyr21 (75). However, the skin temperature may be
higher or lower than the bulk water temperature depending
upon meteorological and oceanic conditions, and the mea-
surements are limited in space and time. Therefore, its effect
on the global DpCO2 and flux has been neglected in this study.

Summary and Conclusions

A database for the sea–air pCO2 difference, DpCO2, has been
assembled using about 250,000 observations made between
1960 and 1995 during 250 expeditions over the global oceans.
Observations made in the equatorial Pacific during El Nino
events have been excluded. In light of the sparseness of
observations over large oceanic areas, the multiyear data have
been corrected and combined to represent a single reference
year of 1990. These observations have been organized into 4°
latitude 3 5° longitude 3 1 day pixels for 365 days, and
interpolated in space and time using a computational scheme
based on the diffusive and advective transport of surface water
(63).

On the basis of the global distribution of DpCO2 values thus
computed, a global net ocean uptake of 0.60 to 1.34 Gt-Czyr21

is obtained for 1990 using three different formulations for the
gas transfer coefficient. This is similar to 1.6 6 0.9 Gt-Czyr21

estimated on the basis of 13C changes in the atmosphere and
ocean (2), but is smaller than about 2 Gt-Czyr21 based on
various ocean–atmosphere perturbation models (3–8). How-
ever, it is greater than the estimates based on the atmospheric
CO2 distribution and mass balance (1).

The Pacific equatorial belt is the largest oceanic CO2 source
to the atmosphere. The temperate oceanic areas of the both
hemispheres are the most important sinks, and their uptake
fluxes exceed those of high latitude oceans (poleward of the 50°
parallel) by a factor of 2 to 3. Among the four ocean basins, the
Atlantic Ocean (north of 50°S) is the strongest sink providing
about 60% of the total global ocean uptake, whereas the
Pacific (north of 50°S) is nearly neutral. The Indian and
Southern Oceans contribute about 20% each to the global
uptake flux. The uptake flux by the North Pacific is similar to
that by the South Pacific, whereas the North Atlantic takes up
0.45 to 0.6 Gt-Czyr21 more CO2 than the South Atlantic and
Southern Ocean combined. This is comparable to the pre-
industrial oceanic transport of CO2 from the North to South
Atlantic estimated by Broecker and Peng (11). Because the
results of this study differ significantly from the northern ocean
uptake of CO2 used in the analysis of the atmospheric and
oceanic data by Tans et al. (1), a global analysis of the CO2 and
carbon isotope data in the ocean, atmosphere, and biosphere
must be made to evaluate their mutual coherence.
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